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Abstract
Heat pump systems can be found in high number of applications. One of these is the production of domestic hot 
water. This paper presents a quasi-steady state simulation model to predict the performance of a simple air source 
heat pump water heater (ASHPWH). The mathematical model consists of submodels of the basic system components, 
namely, evaporator, condenser, compressor, and expansion valve. These submodels were built based on fundamental 
principles of heat transfer and thermodynamics. The model was coded into MATLAB software and used to predict 
system parameters of interest such as hot water temperature, evaporating and condensing pressures, heat rejected in 
the condenser, electric power input, heating seasonal performance factor, and coefficient of performance.
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1. Introduction
Problems connected to the energy crisis and climate changes were dramatically increasing in the last 
decade and represent today a major obstacle to the socio-economical development of a large number of 
countries. These problems, negatively, affect energy needs and environmental safety and are particularly 
important in the Mediterranean area, owing to its high natural climatic variability and to its unique
geographical site. Based on the preceding, looking for new pollutant-free energy sources is being a major 
goal for the concerned governments to ensure a sustainable future to the Mediterranean area. Heat pump 
is one efficient mechanical device that produces low-pollutant heating energy using renewable energy 
sources such as solar energy, ambient air energy, geothermal energy or waste heat. The air source heat
pump water heater (ASHPWH), based on the principle of Carnot cycle, could absorb heat from air at 
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lower temperature, and transfer it into a water tank ± the higher temperature heat sink. The mechanical 
energy consumed to drive the system is a small proportion (~30%) of the transferred energy. 
 
Nomenclature 
A Area ሾ݉ଶሿ 
U  heat transfer coefficient ሾݓ ݉ଶ݇Τ ሿ 
LMTD Log. Mean temperature difference ሾ݇ሿ 
C Heat capacity ሾݓ ݇Τ ሿ 
ܿ௣ Specific heat ሾܬ ݇݃ι׋Τ ሿ 
h Enthalpy ሾܬ ݇݃Τ ሿ 
ߩ Density ሾ݇݃ ݉ଷΤ ሿ 
P Pressure ሾ݌ܽሿ 
Ʉ Efficiency 
݉ Mass ሾ݇݃ሿ 
ሶ݉  Mass flow rate ሾ݇݃ ݏΤ ሿ 
ɘ  Speed ሾݎ݌ݏሿ 
V Volume ሾ݉ଷሿ 
Q, q Heat ሾݓሿ 
T Temperature ሾ݇ሿ 
LL Libanese Lira 
Subscripts 
1,2,3 1st,2nd,3rd Regions 
e Evaporator 
c Condenser 
k Compressor 
v Valve 
f Saturated liquid 
g Saturated gas 
i inside,in 
o out 
w water 
r Refrigerant 
R Reservoir 
mec, ele mechanical,electrical 
vol volumetric 
 
Several models of heat pumps have been developed, but few of them dealt with heat pump water 
heaters. Fu et al. [1] presented a dynamic model of air-to-water dual-mode heat pump with screw 
compressor having four-step capacities. The dynamic responses of adding additional compressor capacity 
in step-wise manner were studied. MacArthur and Grald [2] presented a model of vapor-compression heat 
pumps. The heat exchangers were modeled with detailed distributed formulations, while the expansion 
device was modeled as a simple fixed orifice. Kima et al. [3] presented a dynamic model of a water heater 
system driven by a heat pump, finite volume method was applied to describe the heat exchangers. 
Techarungpaisan et al. [4] presented a steady state simulation model to predict the performance of a small 
split type air conditioner with integrated water heater. The model used a rotary compressor and a capillary 
tube. 
 
2. Mathematical Model 
A typical ASHPWH is used in this study (Fig. 1). It is composed of the major components of the heat 
pump system, namely compressor, evaporator, condenser and throttling device in addition to a hot water 
reservoir. In modeling the compressor, a simple steady state model with appropriate volumetric efficiency 
is adopted and compression process was assumed to be adiabatic with an isentropic efficiency. An 
electronic expansion valve is used to control the superheating at the evaporator outlet. Expansion process 
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is considered to be isenthalpic. Concerning the heat exchangers, LMTD and NTU-ߝ methods are used. 
The modeled evaporator is a tube and fins heat exchanger, while a counter flow concentric tube heat 
exchanger model is chosen for the condenser. Both heat exchangers are assumed to be long, thin, 
horizontal tubes, where the axial conduction of refrigerant is neglected as well as the pressure drop along 
the heat exchanger. The mean void fraction [5] is used to calculate fluid properties in two-phase regions 
while average properties are assumed in single phase regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1. Compressor 
There are three key parameters that are of interest in the compressor model: mass flow rate (ሶ ୩), outlet 
enthalpy (୩ǡ୭୳୲), and  input power (ሶ ୩ ) which are given by equations (1), (2), & (3) respectively:  
 
 ሶ ୩ ൌ ɘ୩୩ɏ୩Ʉ୴୭୪ Where ɏ୩ ൌ ɏ൫୩ǡ୧୬ǡ ୩ǡ୧୬൯, Ʉ୴୭୪ ൌ ଵሺ୰ୟ୲୧୭ǡ ɘ୩ሻ  (1) 
 
 ୩ǡ୭ ൌ
ଵ
஗ౡ
ൣ୩ǡ୭ǡ୧ୱୣ୬ െ ୩ǡ୧୬൫ͳ െ Ʉ୩ǡ୧ୱୣ୬൯൧      (2) 
 
 ሶ ୩ ൌ ሶ ୩ሺ୩ǡ୭ െ ୩ǡ୧୬ሻȀሺɄ୫ୣୡɄୣ୪ୣሻ       (3) 
 
2.2. Expansion valve 
There are two key parameters expected out of the valve model: the mass flow rate and the outlet 
enthalpy which are given by equations (4) & (5) respectively. 
 
 ሶ ୴ ൌ ୢඥɏሺ୧୬ െ ୭୳୲ሻ  Where ୢ ൌ ൣሶ ୴ ඥɏሺ୧୬ െ ୭୳୲ሻΤ ൧୬୭୫୧୬ୟ୪  (4) 
 
 ୴ǡ୧୬ ൌ ୴ǡ୭୳୲          (5) 
 
2.3.  Condenser 
Fig. 1. Air source heat pump water heater 
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The condenser is divided into three zones, namely de-superheating, two-phase and subcooled zones. 
Lumped parameters are considered in each zone. The heat transfer rate (ୡଵ), the outlet water temperature 
and the area of de-superheating zone are calculated from equations (6), (7) & (8) respectively. 
 
 ݍ௖ଵ ൌ ሶ݉ ௥ כ ൫݄௖௜ െ ݄௖௚൯        (6) 
 
 ௪ܶଵ௢ ൌ ௪ܶଵ௜ ൅ ݍ௖ଵ ܿ௪Τ         (7) 
 
 ܣ௖ଵ ൌ ݍ௖ଵȀሺ ௖ܷଵ כ ܮܯܶܦ௖ଵሻ Where ܮܯܶܦ௖ଵ ൌ
ሺ்೎೔ି்ೢ೔ሻିሺ ೎்೚భି்ೢ ೚భሻ
୪୬ቀ
೅೎೔ష೅ೢ೔
೅೎೚భష೅ೢ೚భ
ቁ
  (8) 
 
The heat transfer rate (ୡଶ), the outlet water temperature and the area of two-phase region are calculated 
in the same way as that of de-superheating phase. The area of the subcooled zone is deduced from the 
SUHFHGLQJ ]RQHV¶ DUHDVܣ௖ଷ ൌ ܣ௖௧௢௧௔௟ െ ሺܣ௖ଵ ൅ ܣ௖ଶሻ , then the number of  transfer units (NTU) and 
effectiveness (ߝሻ of this zone are calculated from equations (9) & (10) respectively. Subsequently, the 
maximum and actual heat transfer rates are calculated from equations (11) & (12) respectively. 
 
 ܷܰܶ ൌ ௎೎యכ஺೎య
஼೘೔೙
         (9) 
 
 ߝ ൌ ଵି௘
షಿ೅ೆכሺభశ಴ሻ
ଵା஼
   where ܥ ൌ ஼೘೔೙
஼೘ೌೣ
    (10) 
 
 ݍ௖ଷ௠௔௫ ൌ ܥ௠௜௡ כ ሺ ௖ܶଷ௜ െ ௪ܶଷ௜ሻ       (11) 
 
 ݍ௖ଷ ൌ ߝ כ ݍ௖ଷ௠௔௫         (12) 
 
Finally, the condenser exit temperatures of refrigerant and water are calculated from equations (13) & 
(14) respectively. 
 
 ௖ܶ௢ ൌ ௖ܶଷ௜ ൅ ݍ௖ଷ ܥ௥Τ           (13) 
 
 ௪ܶଷ௢ ൌ ௪ܶଷ௜ ൅ ݍ௖ଷ ܥ௪Τ         (14) 
 
Thus the overall heat transfer rate of the condenser is: ܳ௖ ൌ ݍ௖ଵ ൅ ݍ௖ଶ ൅ ݍ௖ଷ. 
Note that the outlet water temperature of one zone is equal to the inlet water temperature of the next zone. 
In the same manner, the evaporator is divided into two zones, namely two phase and superheated zones 
and almost the same calculation procedure carried out in the condenser is adopted. 
 
2.4. Water reservoir 
Hot water reservoir stores heated water ready for being supplied to the demand site. For the sake of 
modelling, several assumptions are made as follows: (1) uniform temperature in the hot water reservoir 
(stratification is not considered), (2) no external heat loss from the reservoir wall, and (3) the total amount 
of hot water in the reservoir is conserved (No water consumption during heating process). 
It should be noted that the mean water temperature in reservoir (ୖ ) is first initialized at the beginning of 
the calculation procedure, the new value of mean water temperature (ୖ ǡ୬ୣ୵) will be calculated from Eq. 
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(15). If the ୖ ǡ୬ୣ୵ does not agree with the pre-set hot temperature value, the new value is used in the next 
iteration. This procedure is repeated until ୖ  reaches a pre-specified value, usually 60Ԩ. 
 
 ୖ ǡ୬ୣ୵ ൌ ୖ ൅
୕ౙכୢ୲
୫౭େ౦౭
        (15) 
 
3. System simulation 
The purpose of simulating an ASHPWH is to predict the performance of the unit under certain 
working conditions. First, the input geometrical parameters are set up and the initial values of ୣ , ୡ, and ୖ  
are assumed. Second, compressor, condenser, expansion valve, and evaporator subroutines are ran 
consecutively. Third, the outlet mass flow rate from the condenser is compared to that of the expansion 
valve. If the difference is greater than a certain pre-specified tolerance, and then ୡ is adjusted, positively 
or negatively depending on the mass flow rate difference, and the whole cycle is repeated. Else, the water 
temperature in the reservoir is calculated and new time step iteration will start. This will be repeated 
continuously until the water temperature in the reservoir reaches a certain pre-set temperature. 
 
4. Results and Discussion 
The model was coded into MATLAB simulation program and used to predict system parameters of 
interest such as hot water temperature, condensing and evaporating pressures, heating capacity, electrical 
power input and coefficient of performance COP. The figures below show some of the simulated results 
at 15Ԩ ambient air temperature. 
Figures 2-a & 2-b present the evolution of condensing and evaporating pressures, input electrical power , 
and heating capacity with time. The condensing pressure rises gradually from the beginning to the end of 
simulation time which is due to the continuous increasing of water temperature. Also, the input electrical 
power rises gradually from 500 W to 860 watt; however, the heating capacity decreases gradually with 
time. Figure 3 (a) shows the variations of water temperature in a 200L water reservoir throughout the 
heating process. Figure 3 (b) illustrates the variation of COP with respect to time; it is observed that COP 
starts with a peak and decreases gradually till the simulation end. 
Using a simple electrical water heater to raise the water temperature in a 200L reservoir from 20Ԩ to 
60Ԩ, we will consume about 9.3 kwh according to the following relation, assuming an ideal electrical 
resistance: ݇ݓ݄ ൌ ݉௪ כ ܿ௣௪ כ ൫ ௙ܶ௜௡௔௟ െ ௜ܶ௡௜௧௜௔௟൯Ȁ͵͸ͲͲͲͲͲ. This implies that it costs about 1856 LL, 
considering an average cost of 200 LL/kwh of the electrical energy. 
However, using the ASHPWH, and through quasi-steady state modeling, it is demonstrated that only 2.6 
kwh is consumed and that costs about 520LL, in the same work conditions. Thus, by simple calculation, 
we notice that about 70% of energy and finance are saved. 
Moreover, environmentally, using electrical resistance water heater will produce 6.5kg of CO2, while this 
value is reduced to 1.82kg of CO2 when using ASHPWH, for 200 liter water reservoir.  
In addition, the heating season performance factor (HSPF) is calculated, with a daily consumption of 
200L, during the winter season (Jan.; Feb.; March) with an average ambient temperature of 15Ԩ, where it 
is found to be equal to 12.3. The average COP of the system (= 0.293 HSPF) is about 3.6. 
 
5. Conclusion 
330  Farouk Fardoun et al. / Energy Procedia 6 (2011) 325–330
A quasi-steady state model was developed using MATLAB software in order to study the 
characteristics of an air source heat pump water heater (ASHPWH). Heat exchangers were modeled by 
LMTD and NTU-ɂ approaches and actuator components were modeled by static designs. Based on the 
developed model, the studied characteristics of the ASHPWH were pressure, temperature, input electrical 
power, heating capacity and COP, using R134a with 200L water reservoir volume and at 15Ԩ ambient 
temperature. Simulating results showed that about 70% of energy consumption and financial cost is 
reduced comparing it to conventional electrical water heaters as well as 70% of environmental pollution is 
reduced based on calculating the amount of CO2 produced. 
 
      
Fig. 2. (a) Condensing and evaporating pressures; (b) Heating and input electrical power capacities 
 
      
Fig. 3. (a) Reservoir water temperature; (b) COP 
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